Abstract. Rotary inverted pendulum (RIP) system is a nonlinear, non-minimum phase, unstable and underactuated system. Controlling such system can be a challenge and is considered a benchmark in control theory problem. Prior to designing a controller, equations that represent the behaviour of the RIP system must be developed as accurately as possible without compromising the complexity of the equations. Through Takagi-Sugeno (T-S) fuzzy modeling technique, the nonlinear system model is then transformed into several local linear time-invariant models which are then blended together to reproduce, or approximate, the nonlinear system model within local region. A parallel distributed compensation (PDC) based fuzzy controller using linear quadratic regulator (LQR) technique is designed to control the RIP system. The results show that the designed controller able to balance the RIP system.
Introduction
The Rotary Inverted Pendulum (RIP) as in figure 1 is inherently nonlinear, non-minimum phase, unstable and yet controllable system. Since it was introduced by Professor Katsuhisa Furuta, Tokyo Institute of Technology [1] this system has been a benchmark for the control community as a testbed system for linear and nonlinear control law verification. As an underactuated system, the only actuator that is used to control the two degree of freedom of the system is typically a dc motor. By controlling the torque of the dc motor, the angle of both arm and pendulum can be positioned as required.
Modeling the RIP is the first crucial task before any control technique can be implemented. Among the well-known techniques are the Euler-Lagrange technique which has extensively discussed in [2, 3, 4, 5, 8, 14] and the Newton-Euler technique in [6, 8] . The resulting equations which can then be used for controller design, involve nonlinear elements in order to closely represent the behaviour of the real system. In linear control methods, the linearization process will took place and the designed controller able to perform well in a small range of operation however under large range of operation this controller will prone to be unstable due to the nonlinearities in the plant. Thus, researchers are tends to focus on nonlinear control methods which has the capability to manage the nonlinearities exist in a plant. However, most nonlinear control will involve complex mathematical solution which could demand higher processing resource when implemented.
The complexity has forced researchers to venture into developing methods that can simplify the design process of nonlinear control. One of the methods is fuzzy modeling which used the concept of fuzzy set theory where the model is develop based on either the input-output data [7] is described by fuzzy IF-THEN rules where the local dynamics of each fuzzy rule are expressed by a linear system models. These linear system models will be fuzzy "blending" to form the overall Takagi-Sugeno (T-S) fuzzy model which approximates the nonlinear system. In this paper, the model is obtained from [13] which is based on the Euler-Lagrange technique and from here the T-S fuzzy model under sector nonlinearity approach is then developed. A parallel distributed compensation (PDC) based fuzzy controller using LQR technique is designed to control the RIP system. This paper will focus on the stabilisation controller while the swingup controller is based on [13] . This paper is organized as follows: Section 2 describes the construction of T-S fuzzy model. Section 3 provides the controller designed based on the PDC. In Section 4, stability analysis of the closed-loop system is explained. Experimental results are given in Section 5. Finally, the concluding remarks are provided in Section 6.
Takagi-Sugeno Fuzzy Model of RIP
In this section the fuzzy model of the RIP is discussed. The mathematical model of the RIP as stated in [13] is derived according to Euler-Lagrange equations. The physical parameters of the system are define in table 1. The following is the mentioned model based on figure 2.
where: 
(1) can be simplified and rearranged into more familiar forṁ 
where
From (2) and (3), the equations are clearly contain nonlinearities. To develop the T-S fuzzy model, these nonlinearities are chosen as the premise variables, z j (t) (j = 1, 2, . . . , p where p is the number of premise variables). In local sector nonlinearity approach, the number of rules that represent the model can be relate through 2 p . Thus, in order to reduce the number of rules the following are chosen (the variables are chosen by referring to [10, 11] ):
Thus, (2) and (3) can be written aṡ Through local sector nonlinearities approach, the fuzzy model can approximate the nonlinear system within
Thus, the maximum and minimum value of the premise variables can be define as,
From the maximum and minimum values, z 1 (t), z 2 (t), z 3 (t) and z 4 (t) can be represented in terms of membership functions M j1 (z j (t)) and M j2 (z j (t))
Therefore the membership functions can be calculated as Figure 3 shows the membership function of M j1 and M j2 . According to [9] , RIP system can be represented by the following T-S fuzzy model: 
and i = 1, 2, . . . , 16, x (t) ∈ n is the state vector and u (t) ∈ m is the input vector.
By choosing a = π/4, b = 0.1 and c = 6 thus Given a pair of (x (t), u (t)), the final output of the fuzzy system can be calculated through the following defuzzification procesṡ (7) substituting (7) into (6) the closed-loop T-S model can be represented by,
where i w (z (t)) is as previously discussed. To apply the state feedback control law in PDC fuzzy controller, each of the feedback matrix must be designed for each local linear model then later fuzzy "blending" through (7) . In this paper, the feedback gains are calculated based on the LQR technique.
Stability Analysis of the Closed-Loop System
The stability of (8) is ensured through a sufficient quadratic stability condition derived in [12] .
Theorem: The closed-loop T-S fuzzy model is asymptotically stable in the large if there exists a common positive definite matrix P such that the following two conditions are satisfied:
The above problems can be solved through Matlab Linear Matrix Inequalities (LMI)-toolbox. the stability condition of the above Theorem is satisfied. Figure 4 shows the arm's position, pendulum's angle, arm's velocity, pendulum's velocity and control signal of the RIP.
Conclusion
In this paper, the T-S fuzzy model of the RIP has been presented. The developed model is then verified through experiment by using state feedback control laws via PDC to stabilise the RIP. Stability conditions of this system can be handled as a LMI feasibility problem which can be solved using Matlab LMI-toolbox. Experimental results demonstrate the effectiveness of this approach.
